1. Introduction {#sec0005}
===============

Photoacoustic microscopy (PAM), which detects ultrasonic signals after the tissue absorbs photon energy, is highly sensitive to optical absorption \[[@bib0005]\] while optical coherence tomography (OCT) is more sensitive to optical scattering \[[@bib0010]\]. Both microscopic imaging methods have similar imaging depths of up to a few millimeters. Therefore, work towards integrating these two complementary modalities to image multiple tissues, including skin, retina, cortex, ovarian, and embryo tissue, has gained much attention \[[@bib0015], [@bib0020], [@bib0025], [@bib0030], [@bib0035]\].

In a PAM-OCT system, the lateral resolutions of these two modalities are all determined by optical focusing, which can feasibly be aligned to be approximately equal. However, unlike OCT whose axial resolution is primarily determined by the bandwidth of the low-coherence light source, the axial resolution of PAM depends on both the detector's bandwidth and ultrasound attenuation through the source to the detector. The typical axial resolution of OCT is less than 10 μm. To achieve a similar resolution, a PAM system needs to be able to detect ultrasonic signals over 100 MHz. In some cases, such as non-invasive retinal imaging, the distance from the source (*i.e.* retina) to the detector is so great that the high-frequency ultrasonic signal can hardly survive, therefore making high-axial resolution for PAM inapplicable, while simultaneously for many other imaging targets, including skin, zebrafish, embryo, *etc.*, a high-frequency photoacoustic (PA) signal can effectively penetrate the tissue and reach the detector. Therefore, it is desirable to have similar spatial resolution in both OCT and PAM for these studies.

There are two major types of ultrasonic detector in PAM, piezoelectric material-based transducers and pure optical-based ultrasonic detectors. Although various kinds of piezoelectric material-based ultrasound transducers are commercially available and widely used, it is challenging to manufacture transducers with both high sensitivity and an extremely wide bandwidth (over 100 MHz) \[[@bib0040]\]. Besides that, the opacity of the piezoelectric-based transducer also hinders the integration of PAM with OCT if the transducer is too close to the target to detect high-frequency ultrasonic waves effectively (especially for reflection mode). C. Zhang et al. reported a PAM-OCT system with a commercial piezoelectric-material transducer with a central frequency over 100 MHz, but that system works in the transmission mode \[[@bib0045]\]. In recent years, tremendous strides have been made in pure-optical ultrasonic detection methods, including low-coherence interferometry (Michelson \[[@bib0050]\] or Mach--Zehnder \[[@bib0055]\]), surface displacement interferometry \[[@bib0060]\], full-field speckle interferometry \[[@bib0065]\], surface plasmon resonance detection \[[@bib0070]\], Fabry--Perot interferometry \[[@bib0075]\], optical micro-ring resonance \[[@bib0080]\], graphene-based PAM \[[@bib0085]\], and polarization-dependent reflection ultrasonic detection (PRUD) \[[@bib0090]\].The Fabry--Perot interferometry and low-coherence interference have already been successfully integrated with OCT \[[@bib0050],[@bib0055],[@bib0075]\], but the axial resolutions of PA modality in these systems are all many times of magnitude larger than that of OCT, as listed in [Table 1](#tbl0005){ref-type="table"}. The resolution gap is primarily due to the limited bandwidth of the equipped pure optical ultrsound detection systems. Among those reported pure-optical methods, PRUD and micro-ring resonance can both be made optically transparent and to operate with a bandwidth over 100 MHz, thereby having the potential to achieve an omnidirectional resolution-matched PAM-OCT system.Table 1Comparison of axial resolutions from typical reported works.Table 1MethodsAxial resolution (μm)OCTPAFabry--Perot interferometry \[[@bib0015],[@bib0035],[@bib0075],[@bib0095]\]5--820--40Low-coherence interferometry \[[@bib0050],[@bib0055],[@bib0100],[@bib0105]\]8--1320--60

In this study, we explore the integration of PRUD with OCT. The principle of PRUD is that when acoustic waves reach the liquid--glass interface, the acoustic pressure changes the relative refractive index of the two media, leading to perturbations in the reflectance of the optical probe beam in glass, and a small intensity difference between two polarization components of the same probe beam (detected based on a balanced detection method). More details of PRUD can be found in \[[@bib0090]\]. PRUD achieves an ultra-broad frequency response from almost 0--137.2 MHz (−6 dB). In this work, we integrate PRUD with a spectral domain OCT (SD-OCT) system. The measured axial resolutions of PAM and OCT in our dual modality system are 8 and 7.6 μm, respectively.

2. Experimental setup {#sec0010}
=====================

[Fig. 1](#fig0005){ref-type="fig"} shows the schematic of the PAM-OCT system. The PAM subsystem is based on a PRUD system that uses a continuous He-Ne laser (25-LHP-991-230, Melles Griot; wavelength, 632.8 nm; power, 9 mW; mode, \> 90 % TEM~00~; beam diameter, ∼1.02 mm) as the probe beam. The probe laser is tuned to be circularly polarized by a quarter-wave plate (WPQ05M-633, Thorlabs). Then, it is weakly focused through a convex lens onto the bottom surface of the customized trapezoid prism (UV fused silica, length = 25 mm, height = 10 mm, base width = 21.23 mm, top width = 20.93 mm). The reflected probe beam is then collected by another convex lens, separated by a polarization beam splitter (PBS201, Thorlabs) into *p*-wave and *s*-wave, and detected by a high-frequency balanced detector (PDB450A, Thorlabs). The signal from the balanced amplified photodetector is recorded by a digital oscilloscope (DPO 3034, Tektronix) with 2.5 GHz sampling rate or an acquisition card (CS-1422, Gage) with 200 MHz sampling rate. The repetition rate of the oscilloscope for acquiring data is low (less than 10 Hz), so we used the acquisition card to do fast-triggered data acquisition for imaging a large area. The PA excitation source was a 532 nm Nd:YAG pulsed laser with 1 kHz repetition rate (Elforlight SPOT-10−100-532; pulse width \< 1.8 ns; pulse energy, 3.8 μJ; mode, TEM~00~, M 2 \< 1.1; beam diameter, ∼1 mm), which passed down through a dichroic mirror (FF49-SDi01, Semrock), an objective lens (NA = 0.1, Plan N Infinity, 4 ×, Olympus), and a transparent trapezoid prism, and then focused on the sample. The interval between the prism and the sample was filled with deionized (DI) water as the ultrasonic coupling medium. We chose a 1 kHz repetition rate for the laser because of the limited scanning speed of the customized stepping motor control stage (5 mm/s).Fig. 1Schematic of the PAM-OCT imaging system. SLD, super-luminescent diode; QWP, quarter-wave plate; DM, dichroic mirror; C1; 2, collimator; FC, fiber coupler; L1; 2; 3, lens; M1; 2; 3; 4, mirror; OL, objective lens; PBS, polarization beam splitter; P, prism; BD, balanced detector; STM32 F, a family of 32-bit microcontroller integrated circuits by STMicroelectronics.Fig. 1

The SD-OCT subsystem used a broadband super-luminescent diode (IPSDS0804, Inphenix) with a central wavelength of 840 nm and a full width at half-maximum bandwidth (FWHM) of 30 nm. The light was separated into the reference beam and sample beam by a 2 × 2 fiber coupler (TW850R5A2, Thorlabs). The sample beam was first reflected from a dichroic mirror that allowed the PA excitation light to pass through, and then focused on the sample after passing through the same objective lens and the same prism as were used in PRUD. The light was a little dispersed after passing through the prism. We corrected the dispersion through post-processing \[[@bib0110]\]. The light energy loss of the PAM and OCT was about 5% after passing through the prism. The reflected light from the two beams interfered with one another before being diffracted by a high-performance optical grating (Wasatch Photonics) and detected by a linear CCD (AT71YSM2CL2014, Teledyne) with a 28 kHz line scan rate.

Owing to the transparent prism, we can combine the PA excitation laser with the OCT light to perform reflection mode imaging. This epi-illumination and detection configuration is crucial for *in vivo* animal studies. We used a microcontroller board with an STM32 F series MCU to synchronize the triggers for four instruments: the pulsed laser to launch the PA excitation laser pulse; the Gage card to acquire the PA signal; the NI acquisition card to acquire the OCT signal; and the customized motorized stage to scan. Therefore, the PAM and OCT imaging was performed simultaneously.

3. Results {#sec0015}
==========

The spatial resolution of the PAM-OCT system was quantified as shown in [Fig. 2](#fig0010){ref-type="fig"}. The axial resolution was measured by imaging a 100 nm-thick homemade graphene film coated on a glass plate. The glass plate was placed under the prism, and a thin layer of DI water was used to fill the gap between the glass plate and the prism (as the coupling medium). To quantify the high frequency of this PAM, a digital oscilloscope (DPO 3034, Tektronix), with a super-high sampling rate of 2.5 GHz, was used to acquire the PA signal. Since the raw PA signal has a bipolar shape (having both positive and negative components), the axial resolution of the PAM was quantified *via* the shift-and-sum method \[[@bib0115],[@bib0120]\]. Briefly, we first shifted the depth-resolved A-line signal of the homemade graphene film by a distance and added it to the original A-line signal. The smallest shifted distance that still allows resolution of the two peaks (by 10 % amplitude difference) was considered as the axial resolution and it was determined as 8 μm, as shown in [Fig. 2](#fig0010){ref-type="fig"}(a).Fig. 2Spatial resolution of the PAM-OCT system. (a) Axial resolution of PAM quantified using the shift-and-sum method; (b) axial resolution of SD-OCT quantified by the FWHM value of the A-line signal; (c) lateral resolution of the SD-OCT quantified using the edge spread function; (d) lateral resolution of PAM quantified using the edge spread function.Fig. 2

[Fig. 2](#fig0010){ref-type="fig"}(b) shows the axial resolution of SD-OCT taken by the FWHM of the original A-line signal, and it was determined as 7.6 μm. The lateral resolution of the PAM-OCT system was measured by imaging the sharp edge of a blade with a step of 2 μm. The results are shown in [Fig. 2](#fig0010){ref-type="fig"}(c) and (d). The edge spread function (ESF) was calculated and then the line spread function (LSF) was simply the derivative of the ESF. We can see from the aforementioned results that the spatial resolutions of the dual modality system are well matched.

To demonstrate the complementary imaging capability of the PAM-OCT system, four human hairs (two black and two white) were embedded in scattering medium and imaged. The scattering medium was made of 97 % DI water, 2% agar and 1% intralipid solution. [Fig. 3](#fig0015){ref-type="fig"}(a) and (b) show the maximum amplitude projected (MAP) and maximum intensity projected (MIP) images for OCT and PAM. The total data acquisition time was about 10 min and the field of view was 4 × 2.5 mm with step size of 5 μm. All four hairs were clearly imaged in OCT, but only the two black hairs appeared in the PAM image. This is because OCT is based on optical scattering, and both white and black hairs scatter light. In contrast, PAM only detects optical absorption, and the melanin in black hairs strongly absorbs much more light than white hairs. The black hairs in the PAM image are smaller than those in the OCT image. This is because the light wavelength of PAM is shorter than that of OCT and the lateral resolution of PAM is better than that of OCT. [Fig. 3](#fig0015){ref-type="fig"}(c) and (d) are the B-scan images along the white dotted lines in [Fig. 3](#fig0015){ref-type="fig"}(a) and (b), respectively. Because of the wide bandwidth of PAM and the strong light absorption of the black hair at 532 nm only allowing light to penetrate the very top surface, the hair cross section in the PAM result is not circular.Fig. 3Dual modality imaging of four human hairs embedded in a scattering medium. (a) OCT MIP imaging result; (b) PAM MAP imaging result; (c) Photograph of the phantom; (d) B-scan images along the white dotted line in (a) and (b) by OCT and PAM, respectively. Scale bar: 500 μm.Fig. 3

Next, we used this dual modality system to perform *in vivo* imaging of a nude mouse (∼ 20 g). We first imaged the thin mouse ear. Then we imaged the hindlimb to demonstrate the ability to perform dual modality imaging that can only be performed in reflection mode. The mouse was first anesthetized by intraperitoneal injection of chloral hydrate solution at 0.1 mg/g. Then we fixed it on the motorized stage and raster-scanned its ear or hindlimb with a PAM laser of 800 nJ/pulse and OCT light of 2 mW. According to the ANSI laser safety standards, by calculation, the pulse energy cannot exceed 0.18 μJ and the pulse energy we used (800 nJ/pulse) was 4.4 times that value. However, the signal-to-noise ratio (SNR) was over 7.2, which means that we still could acquire signal above the noise level while remaining under the safety limit. The animal's body temperature was maintained with a heating pad. All animal procedures complied with protocols approved by the Institutional Animal Care and Use Committee of Peking University. The mouse recovered to its normal behavior condition after the experiments, and there was no observable damage to its ear or hindlimb.

[Fig. 4](#fig0020){ref-type="fig"} shows the dual modality imaging result of the mouse ear. [Fig. 4](#fig0020){ref-type="fig"}(a) is the MIP result for OCT imaging. The total data acquisition time was about 10 min and the field of view was 3.0 × 2.25 mm with a step size of 5 μm. The blood vessels of the ear are faintly visible in the OCT image due to a strong optical scattering background. [Fig. 4](#fig0020){ref-type="fig"}(b) is the MAP result for PAM imaging, where the blood vessels are clearly distinguished. [Fig. 4](#fig0020){ref-type="fig"}(c) and (d) are the B-scan images along the white dotted line in [Fig. 4](#fig0020){ref-type="fig"}(a) and (b). The OCT clearly differentiated the epidermis (ED), dermis (D), and cartilage (CT) while the PAM reconstructed the blood vessels with high contrast; the two images were fused in [Fig. 4](#fig0020){ref-type="fig"}(e), demonstrating complementary tissue components with high spatial co-registration. It is worth noting that, owing to the superior high-axial resolution of PAM, even the cross sections of the smallest reconstructed vessels do not appear to be elongated in the axial direction. Two fly-through 3D animations of the fused dual modality image results are also available online (media 1 for the entire image, media 2 for the part of the image inside the white dotted rectangle in [Fig. 4](#fig0020){ref-type="fig"}(b)).Fig. 4Simultaneous *in vivo* imaging of a nude mouse ear. (a) OCT MIP image; (b) PAM MAP image; (c) B-scan image along the white dotted line in (a); (d) B-scan image along the white dotted line in (b); (e) fused B-scan image of the PAM-OCT system. SG, sebaceous gland; ED, epidermis; CT, cartilage; D, dermis. 3D visualizations of the fused image can be seen in **Visualization 1** and **Visualization 2**. Scale bar ((a), (b)): 500 μm; scale bar ((c), (d), (e)): 250 μm.Fig. 4

Besides the thin mouse ear imaging, [Fig. 5](#fig0025){ref-type="fig"} shows the dual modality imaging results for the mouse hindlimb. The total data acquisition time was about 10 min and the field of view was 3.5 × 2.5 mm, with a step size of 5 μm. [Fig. 5](#fig0025){ref-type="fig"}(a) is the MIP result for OCT imaging. The sebaceous glands (SG) are clearly visible due to strong optical scattering. [Fig. 5](#fig0025){ref-type="fig"}(b) is the MAP result for PAM imaging, where the blood vessels are clearly distinguished. [Fig. 5](#fig0025){ref-type="fig"}(c) and (d) are the B-scan images along the white dotted line in [Fig. 5](#fig0025){ref-type="fig"}(a) and (b). The OCT clearly imaged the epidermis (ED), dermis (D), hypodermis (HD) and muscles (M) while the PAM reconstructed the blood vessels with high contrast. In [Fig. 5](#fig0025){ref-type="fig"}(e), the fused B-scan image of [Fig. 5](#fig0025){ref-type="fig"}(c) and (d), we can distinguish large and small blood vessels lying in different layers of D, HD, and M. For comparison, [Fig. 5](#fig0025){ref-type="fig"}(f) shows the H&E-stained tissue sample of the hindlimb skin. Two fly-through 3D animations of the fused dual modality image results are also available online (media 3 for the entire image, media 4 for the part of the image inside the white dotted rectangle in [Fig. 5](#fig0025){ref-type="fig"}(b)).Fig. 5Simultaneous *in vivo* imaging of a nude mouse hindlimb. (a) OCT MIP image; (b) PAM MAP image; (c) B-scan image along the white dotted line in (a); (d) B-scan image along the white dotted line in (b); (e) fused B-scan image of the dual modality PAM-OCT system; (f) Corresponding histology (H&E staining) of a nude mouse hindlimb. SG, sebaceous gland; ED, epidermis; D, dermis; HD, hypodermis; M, muscles. 3D visualizations of the fused image can be seen in **Visualization 3** and **Visualization 4**. Scale bar ((a), (b)): 500 μm; scale bar ((c), (d), (e), (f)): 250 μm.Fig. 5

4. Conclusions {#sec0020}
==============

In summary, an all-optically integrated resolution-matched reflection mode PAM-OCT system was successfully developed and tested. With the superior wide bandwidth of PAM, the axial resolutions of the PAM and OCT subsystems are well matched, which is important for accurate spatial co-registration of these two modalities. The capability to combine light scattering and absorb sample properties has been demonstrated through phantom imaging, and *in vivo* mouse ear and hindlimb imaging. In addition, the transparent characteristic of PRUD enables the dual modality system to work in reflection mode, which is ideal for *in vivo* biomedical imaging. Moreover, the current setup also has potential for integrating other optical imaging modes such as fluorescent imaging and confocal microscopy to realize multi-modal *in vivo* imaging, which will be our future work. Therefore, this PAM-OCT system has an abundance of future applications in biomedical imaging.
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